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5.5.4. Comparisons with Other Researchers 

The development length of coated and uncoated prestressing strands have been experimentally 

investigated by other researchers. Table 5 .26 lists the 3/8-in. diameter, seven-wire, 270-ksi, 

prestressing strand development lengths that were measured in the research reported herein, by 

Cousins et al. [13], and by Mitchell et al. [37]. The strand type notation C-LR, U-LR, and U-SR 

listed in the table are abbreviations for coated low-relaxation, uncoated low-relaxation, and uncoated 

stress-relieved prestressing strands, respectively. Since small variations in the concrete strength f '00 J, 

obtained in this research did not appear to significantly affect the strand development lengths, the 

average strengths f'00 and f'I''" and average value ofLd for the specimens that were essentially identical 

have been listed in Table 5.26. A comparison of the strand development lengths for the 4-in. wide 

by 6-in. thick specimens revealed that the lengths obtained from this research were comparable to the 

lengths obtained by Cousins et al. [13] for both the coated and uncoated strands. 

To determine whether anlaytical models predict the development lengths for the coated and 

uncoated strands used in this research, the researchers compared the measured and calculated strand . / 

development lengths. The theoretical expressions that were applied for the strand development length 

have been presented by Cousins et al. [14] for Eq. (4.30), the PCI Ad Hoc Committee on Epoxy-

Coated Strands (PCI Guidelines) [40] for Eq. (4.27), the AASHTO Specifications [1] and ACI 

Building Code [3] for Eq. (4.27), Zia and Mostafa [45] for Eq. (4.28), and Mitchell et al. [37] for Eq. 

(4.29). In the PCI Guidelines, the development length expression for coated strands is identical to 

the ACI Building Code uncoated-strand development length expression. Table 5.27 lists the 

measured strand development lengths for the 4, 6, and 36-in. wide, D-type specimens that contained 
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Table 5.26. Comparisons of measured development lengths for 3/8-in. diameter, seven-
wire, 270 k. d - s1. prestressmR stran s 

Strand Specimen Size Average Average Average 
Researcher Type (in.) f'od f'I' '" Ld 

b h 
(psi) (ksi) (in.) 

Abendroth, C-LR 4 6 5140 264 24 
Stuart, Yuan 6 6 5140 266 24 

36 6 5600 266 26 

Cousins et al. C-LR 4 6 5340 25.3 24 
[12, 14] 

Abendroth, U-LR 4 6 5690 264 56 
Stuart, Yuan 6 6 5830 266 50 

36 6 4800 266 49 

Cousins et al. U-LR 4 6 5340 253 57 
[12, 14] 

Mitchell et al. U-SR 3.9 7.9 4500 263 47' 
[37J 

'Strand surface was slie:htly rusted 
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Table 5 .27. Comparisons of measured and calculated development lengths for 3/8-in. diameter, seven-wire, 270-ksi, low-relaxation, 
d ted t d gnt-1mprel!llate , epoxy-coa s ran s 

Specimen Average Stress Strand Development Length (in.) 
Size (in.) 

Cast f'. f'od t;; 
b h " r.. f' .. Abendroth, Cousins AASHTO [l] PCI Guidelines No. (psi) (psi) (ksi) 

(ksi) (ksi) Stuart, Yuan et al [14] & ACI [3] [40] 
(measured) (Eq. 4.30)b (Eq. 4.27) (Eq. 4.27) 

17 4 6.0 4390 5130 202.5 196.6 264.7 22-24 25.5 50.l 50.l 

17 6 6.0 4390 5130 202.5 198.8 266.0 <24 25.5 50.1 50.l 

8 36 6.0 4150 5120 202.5 198.7 266.3 26 25.9 50.2 50.2 

9 36 6.0 4670 5710 202.5 198.9 266.5 25 24.7 50.2 50.2 

12 36 6.0 4420 6140 202.5 198.8 266.7 24 24.7 50.3 50.3 

14 36 6.0 4240 5230 202.5 198.7 266.3 >24 25.7 50.2 50.3 

Average - - 4377 5410 202.5 198.4 266.1 25' 25.3 50.2 50.2 

Nominal 4 6.0 4000 5000 202.5 197.1 242.9 - 22.7 41.8 41.8 

6 6.0 4000 5000 202.5 198.9 251.9 - 23.9 44.7 44.7 
or 
36 

'Used upper limits for Cast No. 17 and lower limit for Cast No. 14 
~'. = 16. 5 for medium to hi!!:h grit densitv 
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coated strands; concrete stresses f'ci, and f'cd; strand stresses f,;, which were assumed to be equal to 

0.75 f',; and average values off,. and f*.., for the specimens in a particular concrete casting. The 

calculated, coated-strand development lengths listed in Table 5.27 were evaluated by applying the 

experimentally based stresses in the expressions given by Cousins et al. [14], AASHTO Specifications 

[1] and ACI Building Code [3], and PCI Guidelines [ 40]. 

The predicted, coated-strand development lengths established by the expressions given in the 

AASHTO Specifications, ACI Building Code, and PCI Guidelines were about twice as long as the 

measured lengths. The reason for the large difference between the computed and measured lengths 

is that the emperical expression [Eq. (4.27)] for the strand development length that was adopted by 

these three associations was based on test results for uncoated prestressing strands. The measured, 

coated-strand development lengths were closely predicted by applying the expression presented by 

Cousins et al. [14] for Eq. (4.30). Table 5.27 also lists nominal, coated-strand development lengths 

that were calculated by using nominal stresses. The nominal stress f .. was equal to 0. 75 f', and the 

nominal stress t:. and f* .. were computed from Eq. (4.12) and (4.19), respectively. The nominal, 

coated-strand development lengths were always less than the lengths established by applying the 

experimental stress, since the stresses f*... were always higher and the stresses f,. were about the same 

as their nominal values. 

Table 5.28 lists the measured and calculated development lengths for the 4, 6, and 36-in. wide, 

D-type specimens that contained uncoated strands. The table also lists the stresses needed to evaluate 

the expressions presented by Cousins et al. [14], the AASHTO Specifications [l] and ACI Building 

Code [3], Zia and Mostafa [45], and Mitchell et al. [37]. The predicted, uncoated-strand 

development lengths for the specimens within each concrete casting were significantly overestimated 



Table 5.28. Comparisons of measured and calculated development lengths for 3/8-in. diameter, seven-wire, 270-ksi, low-relaxation, 
uncoated strands 

Specimen Average Stress Strand Development Length (in.) 
Size (in.) 

Cast f'. f' f,; 
b h .. cd r.. £*.,. Abendroth, Cousins AASHTO Zia& Mitchell No. (psi) (psi) (ksi) 

(ksi) (ksi) Stuart, et al [14] [1] & ACI Mostafa et al [37] 
Yuan (Eq. 4.30) [3] (Eq. [45] (Eq. (Eq. 4.29) 

(measured) 4.27) 4.28) 

10 4 6.0 4050 5350 202.5 196.4 264.8 65-70 85.1 50.2 55.6 44.4 

11 4 6.0 4730 6150 202.5 196.8 265.1 51 79.2 50.2 51.5 41.3 

10 6 6.0 4050 5350 202.5 198.6 266.1 54 84.8 50.1 55.2 44.4 

11 6 6.0 4730 6150 202.5 198.9 266.3 45 78.9 50.2 51.1 41.2 

6 36 6.0 2910 2920 202.5 197.9 264.3 40-50 107.3 49.7 65.7 55.8 

7 36 6.0 3980 4890 202.5 198.6 266.2 45 87.4 50.2 55.7 45.7 

15 36 6.0 4010 5440 202.5 198.6 266.4 48 84.7 50.2 55.6 44.4 

16 36 6.0 4780 5870 202.5 198.9 266.6 49 80.0 50.2 50.9 41.7 

Average 4333b 5600b 202.5 198.1 265.7 5o~b 82.9b 50.I 53.7b 43.3b 

Nominal 4 6.0 4000 5000 202.5 197.3 242.9 - 69.5 41.8 45.3 37.4 

6 6.0 4000 5000 202.5 199.0 251.9 - 75.5 44.7 48.7 40.1 
or 
36 

"Used upper limit on Cast No. 10 
bCast No. 6 was omitted due to low concrete stremrth 
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for all cases by the expression in Cousins et al. [Eq. (4.30)], underestimated for the 4-in. wide 

specimens and generally accurate for the 6 and 36-in. wide specimens by the expression in the 

AASHTO Specifications and ACI Building Code [Eq. (4.27)], reasonably accurate for the 4 and 6-in. 

wide specimens and slightly overestimated for 36-in. wide specimens by the expression in Zia and 

Mostafa [Eq. (4.28)], and slightly to significantly underestimated for all cases by the expression in 

Mitchell et al. [Eq. (4.29)]. Comparisons were made between the nominal uncoated-strand 

development lengths, which were computed using the nominal stresses, and the measured uncoated

strand development lengths. The nominal, uncoated-strand development length that was calculated 

by applying the expression by Cousins et al. [14) moderately to substantially overestimated the 

measured lengths. The nominal length established by applying the expression in the AASHTO 

Specification [1) and the ACI Building Code [3] underestimated the measured lengths. The nominal 

length established by applying the expression by Zia and Mostafa [ 45] significantly underestimated 

the measured lengths for the 4-in. wide specimens and reasonably predicted the measured lengths for 

the 6 and 36-in. wide specimens. The nominal length established by applying the expression by 

Mitchell et al. [37] significantly underestimated the measured lengths in all cases. 

5.6. Stand Seatin& at End Chuck 

Figure 5.16 shows a typical strand prestress force versus strand displacement relationship for 

a coated strand (Strand No. 5 in Cast No. 14) and an uncoated strand (Strand No. 3 in Cast No. 10) 

that were measured at an anchorage-end prestressing chuck during strand tensioning. To eliminate 

the effects of initial seating of a strand in the jaws of a chuck, the researchers applied a prestress force 
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of 1,000 lbs before measurements of strand movement were recorded. As shown in the figure, when 

the prestress force in the strand increased, the strand movement into the chuck also increased; 

however, the relationship between force and displacement was not linear. As the teeth on the jaws 

of the chuck engaged the outer wires of the strand, the rate of axial displacement decreased. Strand 

movements into some of the chucks at the prestressing end were also measured. These movements 

were nominal displacements since the coupling assembly between a strand and a prestressing bar did 

not pennit an attachment of a DCDT at the free end of a strand. The strand movement (not shown) 

at this end of the strand was similar to the displacement at the other end of the strand. When the 

prestress in a strand was equal to 75 percent of the ultimate strand tensile strength, which 

corresponded to a prestress force of 17.2 kips in a 3/8-in. diameter, 270-ksi, low-relaxation strand, 

the movement ofa strand at the anchorage-end chuck was approximately equal to 0.31 and 0.11 in. 

for the coated and uncoated strands, respectively. As Fig. 5.16 shows, the displacements for a coated 

strand were substantially larger than those for an uncoated strand, especially during the initial portion 

of the strand prestressing when the forces were low. For a coated strand, the length of the chuck and 

the depth and size of the teeth in the jaws of the chuck are larger than those for an uncoated strand, 

since the teeth need to penetrate the epoxy coating to grip the outer steel wires of the strand. Figure 

5.17(a) and (b) shows several strand force versus strand displacement relationships for coated and 

uncoated strands, respectively. The load versus displacement behavior was quite consistent for both 

the coated and uncoated strands. 

Table 5.29 lists the maximum strand displacements at the anchorage-end chucks for the 

monitored coated and uncoated strands when a prestress force that corresponded to 75% of the 
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Table 5.29. Strand displacements at anchor-end chucks when the prestress force was equal to 
17.2 kins 

Coated Strands Uncoated Strands 

Cast Strand Displacement Cast Strand Displacement 
No. No. (in.) No. No. (in.) 

9 2 0.274 10 1 0.106 

4 0.302 3 0.109 

6 0.341 5 0.122 

14 3 0.323 11 1 0.093 

5 0.325 3 0.113 

Avera11e 0.313 Averal!e 0.109 
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ultimate tensile strength of the strand was applied. The average displacement for the five coated and 

uncoated strands was equal to 0.313 and 0.109 in., respectively. The coated strands experienced 

almost three times the amount of movement that occurred with the uncoated strands. This 

displacement difference did not present any difficulties during the experimental portion of the research 

reported here due to the method used to prestress the strands. When strands are tensioned in a more 

conventional fashion (without a coupler assembly and a post-tensioning bar), the larger strand seating 

displacements for the coated strands compared to those for uncoated strands would have to be 

considered. 

After the strands were prestressed, the DCDTs continued to monitor any relative movement 

between the strands and the chucks. Slippage of the strands into the chucks was not detected for 

either the coated or uncoated strands. Therefore, once the required strand prestress was reached, the 

chucks held the force until the strands were detensioned. 

When a strand was detensioned with an abrasive grinding wheel, the epoxy coating broke-off 

from the exposed end portion of the strand as the outerwires of the strand unwound from their 

original positions. The unwound strand length was not measured; however, this length did not extend 

to the end of the PC specimen which was about I 0 to 12 in. from the strand cutting location. If the 

header depth in a prestressing bed is smaller than the 24-in. depth used in this research, the epoxy 

coating might break-off to the face ofa specimen when the strand is detensioned. If strand extensions 

beyond the ends of a PC panel are required, the outer strand wires will need to be rewrapped around 

the center strand wire, and an epoxy coating will have to be reapplied to any portion of an exposed 

bare strand in order to maintain the corrosion rsistance of the strand. 



171 

To verify that the coated strands had been gripped properly by the chucks, the researchers 

placed the end portions of some ofthese strands into an oven to burn-off the epoxy coating. After 

the epoxy coating had been removed, an inspection of these strand segments revealed that notches 

had been cut into the outer steel wires of the strand. Therefore, the teeth in the jaws of the chucks 

had penetrated the epoxy coating to grip the outer strand wires. As expected, an inspection of the 

uncoated strands also revealed that the outer wires of these strands had gripped by the chucks. 
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6. EPILOGUE 

6.1. Summary 

6. 1.1. Overview 

Composite bridge decks, which contain thin precast prestressed concrete (PC) subdeck panels 

and a cast-in-place reinforced concrete (RC) topping slab, have been used as an alternate to 

monolithic, full-depth, RC bridge decks. Currently ( 1994), the steel reinforcement in the PC subdeck 

panels consists of uncoated prestressing strands that are located at the midthickness of the panels and 

uncoated welded wire fabric (WWF) that is positioned on the top of the strands. To improve the 

corrosion resistance of the panel reinforcement, the Iowa Department of Transportation has proposed 

the substitution of epoxy-coat reinforcement for the uncoated reinforcement. This study reported 

herein was conducted to investigate the feasibility of using grit-impregnated, epoxy-coated, 

prestressing strands and smooth-surfaced, epoxy-coated, WWF in PC subdeck panels. 

The primary objective for Phase I of the research on epoxy-coated reinforcement for PC 

panels was to establish a recommended minimum thickness for PC bridge subdeck panels reinforced 

with 3/8-in. diameter, seven-wire, 270-ksi, low-relaxation, grit-impregnated, epoxy-coated, 

prestressing strands (coated strands) and smooth-surfaced, epoxy-coated WWF to prevent through

thickness concrete cracking when the prestress force is transferred to the concrete. Other objectives 

of the study included the evaluation of the short-term bond performance of coated and uncoated 

strands and the seating characteristics of the wedge-shaped grips that are used to anchor coated and 

uncoated strands. 

To accomplish these objectives, the researchers performed a literature review of the research 

reported on coated and uncoated prestressing strands; conducted a survey of design agencies and PC 
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member producers; completed an extensive test program that involved the construction of 115 test 

specimens for conducting panel thickness investigations, strand transfer length tests, and strand 

development length tests; and performed analytical studies of strand transfer and development 

lengths. 

6.1.2. Literature Review 

The study on bond characteristics of prestressing strands started in the late 1950s. Since then, 

most of the research has involved uncoated prestressing strands and only a few studies have 

addressed epoxy-coated strands. As of December 1994, studies that have investigated the transfer 

and development lengths and performance of coated strands in thin PC bridge subdeck panels have 

not been found in the literature. The main subjects of the previous research on prestressing strands 

addressed transfer length and development length studies of different types of strands, parameter 

influences on strand transfer and development lengths, and analytical models of strand transfer and 

development lengths. 

Several conclusions associated with strand transfer and development lengths were formulated 

from the previous research of coated and uncoated strands. 

• Transfer and development lengths of prestressing strands increase as the nominal strand 

diameter increases. 

• Difference in the transfer lengths for 250 and 270-ksi strands was not significant. 

• Strands with a rough surface have shorter transfer lengths than those with a smooth 

surface. 

• Concrete type (normal-weight or lightweight) has a negligible effect on strand transfer 

length. 
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• Cyclic loading has a negligible effect on strand transfer and development lengths. 

• Epoxy-coated strands have good corrosion resistance. 

• Smooth surface epoxy-coated strands cannot develop sufficient bond strength, while grit

impregnated, epoxy-coated strands can develop adequate bond strength. 

• Grit-impregnated, epoxy-coated strands have shorter transfer and development lengths 

than comparable uncoated strands. 

• Transfer and development lengths of grit-impregnated, epoxy-coated strands decrease as 

the grit density increases. 

• Sudden releases of the strand prestress forces results in longer transfer lengths than that 

caused by gradual releases. 

• Strand development length was greatly influenced by shear and confinement reinforcement. 

• Higher concrete compressive strengths produced shorter transfer and development lengths 

for uncoated strands; however, within a small range of strength variation the difference in 

strand transfer and development lengths was not sufficient. 

• Elevated temperatures greatly affect the bond strength of epoxy-coated strands. Bond 

strength reductions begin at a temperature of about 125 ° F and bond strength is essentially 

completely lost at a temperature of about 200° F. 

• Concrete splitting failures were observed when the prestress force was transferred to the 

concrete in some small cross-section specimens that contained a single, grit-impregnated, 

epoxy-coated strand. 
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6. 1. 3. Questionnaires 

A survey questionnaire was distributed to bridge engineers in the 50 state departments of 

transportation; 3 branches ofU.S. Forest Service; 9 Canadian provinces, Northwest Territories, and 

Puerto Rico transportation agencies; New Jersey Turnpike, New York State Bridge and New York 

Thruway Authorities; and Port Authority ofNew York and New Jersey. The questions in the survey 

were related to the general background of the design agency, types of epoxy-coated reinforcement, 

epoxy coatings, range of application for coated reinforcement, design with epoxy-coated prestressing 

strands, experience with epoxy-coated strand, and epoxy-coated reinforcement details and 

specifications. 

Fifty-three (900/o) of the design agencies which returned the survey stated that they allow or 

have allowed the use of epoxy-coated reinforcement in bridge structures. Fifty-two of these design 

agencies have used epoxy-coated standard deformed bars, while only 3, 4 and 16 of the 53 agencies 

have used epoxy-coated prestressing bars, prestressing strands, and WWF, respectively. All four 

agencies that have had experience in using epoxy-coated strands require grit-impregnated, epoxy

coated strands and only one of these four design agencies has used coated strands in PC subdeck 

panels. 

The most common type of coated strands used are seven-wire, 270-ksi, low-relaxation, 

prestressing strands. Among the four design agencies that have used epoxy-coated prestressing 

strands, three agencies have specified 1/2-in. diameter strands and one agency has specified 3/8-in. 

diameter strands. The minimum amount of concrete cover over the coated strands in PC panels or 

slabs is between l and 1-3/4 in. The minimum.center-to-center spacing between individual coated 

strands is either 2 in. or 6 in. Two design agencies specify that confinement reinforcement be used 
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along the strand development length in PC panels or slabs. Three agencies apply the AASHTO 

Specification [I] expression for uncoated strands to calculate the development length for epoxy

coated prestressing strands, and the other agency was uncertain as to how to evaluate the 

development length for coated strands. 

When the representatives from these four design agencies were asked to classify any problems 

associated with their usage of epoxy-coated strands and to rate the usage of coated strands, all four 

respondents replied that they could not answer these questions because of the limited experience that 

they have had with coated strands. Some of the additional comments received from the agencies that 

returned the questionnaire were as follows: usually sufficient concrete cover should eliminate the 

need for coated strands even if the bridge decks are exposed to salt; the extra cost of epoxy-coated 

strand will probably prevent significant use of these strands; coated strands have performed 

successfully since 1985 in a bridge structure; and our agency supports the use of epoxy-coated 

strands in bridge girders. 

A questionnaire similar to the one sent to the design agencies was also distributed to 205 PC 

producers who are members of the Prestressed/Precast Concrete Institute. Seventy-six (about 37%) 

of these questionnaires were returned. Of those manufacturers that returned the survey, 57 have 

produced PC members with epoxy-coated reinforcement, and 41 have used epoxy-coated 

reinforcement in bridge structure members. 

Out of the 57 precastors who have used epoxy-coated reinforcement in their products, 54 

companies have used epoxy-coated standard deformed bars, 2 have used coated prestressing bars, 

13 have used coated prestressing strands, 20 have used coated WWF, and 2 companies have used 

coated spiral wire. Three PC producers have used epoxy-coated strands in bridge girders, hollow 
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core slabs, and piles; two companies have used them in full-depth bridge deck panels; and only one 

company has used them in single or double-tee sections. The precastors that have used coated 

prestressing strands noted that Florida Wire & Cable Company is their only epoxy-coated strand 

supplier. 

Among the l3 companies that have used coated strands, the l/2-in. diameter, seven-wire, 

270-ksi, low-relaxation strand is the size most commonly used. Only one precastor has used 3/8-in. 

diameter coated strands. When coated strands were used in PC slabs or panels, the minimum 

concrete cover over a strand was specified to be between l to 2 in., and the minimum strand spacing 

ranged between 2 to 8 in. Four of the five producers that make PC slabs or panels place confinement 

reinforcement along the development length of the coated strands. 

Each manufacturer was asked to state any specific problems that they have experienced with 

epoxy-coated strands and concrete members reinforced with these strands. Some manufacturers were 

not able to provide comments because of their limited usage of coated strands. Seven of the 13 

producers that have used coated strands listed their problems as: slippage of strands at the end 

chucks, difficulties in removing the chucks from the strand ends after cutting, and increased difficulty 

of handling coated strands over uncoated strands. However, no producers categorized these 

problems as major problems. When the producers were requested to rate the usage of epoxy-coated 

strands considering all aspects of manufacturing and performance of members, five producers rated 

them as fair, one chose good, and another one chose very good. Some of the additional comments 

made by the producers included: chuck seating requires more strand movement for epoxy-coated 

strands; steam curing could be a problem with coated strand since the coating softens at about 150° F; 

and caution should be taken for using coated strand when fire resistance is desired. 
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6. I. 4. Experimental Tests 

A total of 115 PC test specimens were constructed during 17 concrete castings in a 54-ft long 

by 9.3-ft wide prestress bed that was fabricated from salvaged steel bridge girder members. The 

location of the transverse steel headers in this frame, the elevation of the bottom surface of the 

prestress bed, and the location of the wood sideforms were adjusted to match the desired specimen 

dimensions and to position the prestressing strands. The specimens were prestressed with 3/8-in. 

diameter, seven-wire, low-relaxation strands. Sixty-seven of the specimens contained grit

impregnated, epoxy-coated strands (coated strands) and the remaining 48 specimens contained bare 

strands (uncoated strands). Two types of specimens were cast. Seventy-five transfer length (T-type) 

specimens were tested to establish the recommended minimum thickness for thin PC panels that were 

prestressed with coated strands and to measure the transfer lengths of the coated and uncoated 

strands. Forty development length (D-type) specimens were tested to measure the development 

lengths of the coated and uncoated strands. 

Both single-strand and multiple strand specimens were cast. For the T-type specimens, the 

strands were located at the midthickness of the specimens; and for the D-type specimens, the strands 

were positioned at two-thirds of the depth from the top surface. The multiple-strand specimens 

contained either two or six strands spaced at 6 in. on center. Eight sizes ofT-type specimens were 

cast, and three sizes of D-type specimens were cast. Some of the 36-in. wide, T-type specimens 

contained a layer of 6 x 6 - 06 x 6 WWF that was placed, with the longitudinal wires of the fabric 

above the transverse wires, directly on top of the six prestressing strands. Also, these specimens had 

a raked top concrete surface to simulate a PC subdeck panel. 
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Except for Cast No. 13, the 3/8-in. diameter strands were prestressed to about 75% of their 

guaranteed ultimate tensile strength. For the 270-ksi strands, this level of prestress corresponded to 

a force of about 17.2 kips per strand and a stress of about 202.5 ksi. The coated strands in Cast No. 

13 were intentionally overstressed to produce a force of about 18.9 kips per strand, which 

corresponded to a strand stress of about 222 ksi or about 82% of the ultimate tensile strength of a 

strand. The larger prestress force was applied to the specimens in this casting in order to confirm that 

the panel thickness was adequate to prevent concrete splitting failures during the specimen 

prestressing procedures. The tension forces in the prestressing strands were obtained from strains 

that were measured by strain gages. These gages were attached to the post-tensioned bars which 

were used to pull the strands. Also, the strand forces were measured by load cells during the strand 

tensioning procedure. 

The concrete mix design used for the specimens was modeled after the mix design that is used 

to construct PC subdeck panels at Iowa Prestress Concrete in Iowa Falls, Ia. The mix design satisfied 

the Iowa DOT Specification [21] requirements. The minimum concrete compressive strength just 

prior to cutting the prestressing strands was 4000 psi, and the minimum 28-day compressive strength 

was 5000 psi. The mix design actually produced the 4000 psi compressive strength when the 

concrete was about one to two days old and the 5000 psi strength was reached about two to three 

days later. The testing of the T-type and D-type specimens was conducted when the concrete 

compressive strength was 4000 and 5000 psi, respectively. All of the concrete for the specimens was 

ordered from two local ready-mix concrete suppliers. 

After the concrete was cast, the specimens were moisture cured for minimum of 24 hours and 

then left to air dry until the strands were released. After the concrete compressive strength had 
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reached 4000 psi, the prestressing strands were detensioned with an abrasive grinding wheel at the 

locations of the steel headers in the prestress frame. A strand cutting sequence was developed to 

minimize the eccentric compressive loading on the specimens. 

The recommended minimum thickness of PC subdeck panels that are prestressed with coated 

strands was experimentally established by casting and prestressing T-type specimens of different 

thicknesses. If the thickness was too thin, concrete cracks developed in the top and/or bottom 

surfaces of the specimens during and after cutting the strands. These cracks were directly above 

and/or below one or more of the coated strands. The smallest specimen thickness that was required 

to prevent the formation of any visually detectable concrete cracks in any of the specimens with that 

thickness was selected as the minimum recommended thickness for PC subdeck panels containing 

coated strands and epoxy-coated WWF. 

The strand transfer length is the length of strand embedment in the surrounding concrete that 

is required to develop the effective strand prestress. To measure the transfer length, electrical 

resistance strain gages were embedded into some of the T-type specimens between adjacent strands 

or between the outside strand and wood sideform at the midthickness of the specimens. Induced axial 

concrete strains due to prestressing the specimens were recorded as the difference in the strain 

reading just prior to and just after strand cutting. The strand transfer length was established by 

analyzing the distribution of concrete strains along the specimen length. 

The strand development length is the total strand embedment length in surrounding concrete 

that is required to develop the strand stress that occurs when the nominal moment strength of the PC 

member is reached. Cross bending tests of simply supported D-type specimens were conducted to 

experimentally establish the strand development lengths. These tests involved the application of a 
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load across the width of a specimen at a selected distance from one end of the specimen. If the 

loading produced a flexural failure of a specimen, the next test on the opposite end of the same 

specimen or on a new specimen that was essentially identical to the previous specimen was performed 

with the load moved closer towards the near end of the specimen. However, if the loading produced 

a bond failure between a strand and concrete before a flexural failure, the load was moved further into 

the span for the next test. The strand development length was considered to be the distance from 

load position to closest end of a specimen for which the failure involved a transition between a 

flexural failure and bond failure. The load and the load-point deflection were recorded with a load 

cell and displacement transducers, respectively. Both ends of every strand were also monitored for 

slippage during the development length tests. A slip measurement of 0.01 in. was considered to 

correspond with the occurrence of a bond failure. 

The strand seating displacement characteristics of the wedge-shaped grips for both coated and 

uncoated strands were evaluated by measuring the displacements between the end portion of the 

strands and the chucks with transducers. For four of the concrete castings, three strands were 

monitored during the strand tensioning process. To eliminate the initial effects of seating of a strand 

in the grips of a chuck, the researchers applied a prestress force of I 000 lbs before measuring strand 

movements. 

6.1.5. Analytical and Experimental Results 

Several material properties were determined by conducting experimental tests. The concrete 

compressive strengths, modulus of rupture strengths, and modulus of elasticity values were 

established from standard cylinder tests, standard beam prism tests, and strand transfer and 

development tests, respectively. Except for Cast Nos. 4 and 6, which contained concrete that was 
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not representative of the concrete used in industrial construction of PC subdeck panels, the remaining 

15 concrete castings contained concrete of acceptable quality. For these 15 castings, the concrete 

compressive strengths ranged from 3980 to 4780 psi when the strands were cut, from 4890 to 6150 

psi when the development length tests were conducted, and from 5390 to 8430 psi when the concrte 

was 28-days old. For these same concrete castings, the modulus of rupture strengths ranged from 

404 to 589 psi when the strands were cut and from 424 to 566 psi when the concrete was 28-days 

old. For Cast Nos. 10-12 and 14-17, the modulus of elasticity of the concrete ranged from 2760 to 

4060 ksi when the strands were cut. For Cast Nos. 6-12 and 14-17, the modulus of elasticity of the 

concrete ranged from 2720 to 4850 ksi when the strand development length tests were conducted. 

Tension tests on the 3/8-in. diameter coated and uncoated strands revealed that the modulus of 

elasticity for the coated strand was 29,600 ksi and for the uncoated strand was 28,300 ksi, which 

were 2.3% higher and 0.8% lower, respectively, than the values provided by the strand manufacturer. 

During some of the initial concrete castings, fluctuations in the strand forces were detected 

during the concrete curing period. To establish the reason for the changes in the strand forces, the 

researchers used thermocouples and resistance temperature devices to measure temperatures of the 

air, concrete, strand, and the prestress frame. This instrumentation revealed that before casting the 

concrete, the prestressing force in the tensioned strands changed due to moderate room temperature 

variations. After the concrete was cast, the strand temperature was affected by the temperature of 

the surrounding concrete. The heat of concrete hydration caused the strand temperature to rise for 

about eight hours, which resulted in a decrease of the prestressing forces in strands. Minimum strand 

forces occurred when the concrete temperature was a maximum. As the concrete temperature 

decreased, the prestressing forces in strands increased and approached the values close to those that 
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occurred just prior to casting of the concrete. The maximum temperature recorded during all of the 

castings was about l 14°F, and the maximum temperature when the strands were released was about 

90°F. These temperatures were below a temperature of 125°F that has been suggested [34] as a 

threshold temperature for PC members containing coated strands. 

During and after cutting the prestressing strands, the specimens were inspected for visible 

concrete cracks that may have formed as a result of prestressing the specimens. These inspections 

revealed that concrete cracks did not occur in any of the 2.5-in. thick specimens that were prestressed 

with uncoated strands. Concrete cracks were found in eight of the twelve 12-in. wide by 2.5-in. thick 

specimens that were prestressed with two coated strands, in all four of the 36-in. wide by 2.5-in. thick 

specimens that were prestressed with six coated strands, and in the one 36-in. wide by 2.5-in. thick 

specimen that contained six coated strands and coated WWF. Concrete cracks were not found in any 

of the twenty-four 12-in. wide by 3-in. thick specimens that were prestressed with two coated strands, 

and in any of the four 6-in. wide by 3-in. thick specimens that were prestressed with one coated 

strand, or in any of the six 36-in. wide by 3-in. thick specimens containing six coated strands and 

coated WWF. Even for Cast No. 13, for which the prestressing forces in the strands just prior to 

detensioning were about 1 O"/o higher than the normal prestressing forces for 3/8-in. diameter strands, 

visible concrete cracks were not detected in any of these 36-in. wide by 3-in. thick specimens 

containing six coated strands and coated WWF. 

The strand transfer lengths were determined by applying a slope-intercept procedure to the 

graphs of the concrete axial strains that were measured with embedment strain gages in selected T

type specimens. The measured concrete strains increased essentially linearly from zero strain at the 

free end of a specimen to a relatively constant maximum strain that began at a certain distance from 
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the end of a specimen. After constructing best-fit sloping and horizontal lines through the strain data 

points, the transfer length was obtained as the distance from the end of a specimen to the intersection 

point for the two best-fit lines. Strand transfer lengths were also calculated by applying emperical 

expressions that were obtained from the literature. 

The strand development lengths were determined by two experimentally based methods that 

involved the testing of the D-type specimens. Both methods initially used the results from the 

successive tests of essentially identical simple-span specimens that were made from the same concrete 

casting. These specimens were subjected to a single transverse load acting at selected positions from 

one end of the specimen. These tests produced failure modes. For the specimens prestressed with 

coated-strands, the failure of a particular specimen was classified as one of the following: a flexural 

failure, a bond failure, a shear failure, a combined flexure and bond failure, a combined flexure and 

shear failure, or a combined bond and shear failure. For the specimens prestressed with uncoated 

strands, the failure of a particular specimen was either a flexural, a bond, or a combined flexural and 

bond failure. For the first method, the strand development length was established as the smallest 

distance from the transverse load to the closest free end of a specimen for which the failure mode for 

the specimen involved a flexural component. The testing of the D-type specimens produced 

convergence to the strand development length or established a range for the strand development 

length. For the second method, a nondimensional analysis of moment strength versus load position 

was applied to the test results obtained from the strand development length tests. 

In the nondimensionalized study, a critical moment M" was established as the moment that 

was induced at the load-point cross section when a particular failure mode (flexure, shear, or bond) 

occurred in a specimen. This moment was nondimensionalized by dividing it by the nominal moment 
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strength M. of the PC member that was established from a strain-compatibility analysis. The distance 

from the transverse load position X to the closest end of a specimen was nondimensionalized by 

dividing this length by the predicted strand development length Ld that was obtained by applying the 

AASHTO Specification [I] Eq. (9-32). After establishing a graph ofM..JM. versus X/Ld for the tests 

conducted on each size of specimen with either coated or uncoated strands, a sloping straight line was 

drawn through the appropriate data points and a horizontal line was drawn through the ordinate value 

of M,/M. that was equal to unity. The intersection point of these two straight lines provided the 

critical X/L0value that corresponded to the strand development length of the specimens represented 

in the graph. Strand development lengths were also calculated by applying the empirical expression 

obtained from the literature. 

A nondimensionalized analysis of the shear strength versus transverse load position for all of 

the D-type specimens that were prestressed with coated strands was performed. An identical study 

was also undertaken for all of the D-type specimens that were prestressed with uncoated strands. For 

a particular strand development length test, the largest induced ultimate shear force v. that was 

caused by the ultimate transverse load was nondimensionalized by dividing it by the nominal shear 

strength Vn of the PC member, as given by the AASHTO Specification [I] Eq. (9-27). The distance 

X was nondimensionalized by dividing this length by the span length L for the specimen. Graphs of 

VjVn versus X/L were used to predict whether shear failures of the specimens should have occurred. 

The movement of the coated and uncoated strands at the anchorage-end chucks were 

measured during strand prestressing and during the curing period for the concrete. These 

measurements were taken to determine if slippage of a strand through a chuck would occur over time. 

These tests also revealed whether coated and uncoated strands had different anchorage behaviors. 
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6.2. Conclusions 

The conclusions presented in this section have been formulated after analyzing the results for 

the experimental tests and analytical studies of 3/8-in. diameter, seven-wire, 270-ksi, low-relaxation, 

grit-impregnated, epoxy-coated strands (coated strands) and 3/8-in. diameter, seven-wire, 270-ksi, 

low-relaxation bare strands (uncoated strands). The conclusions are applicable for strands that are 

prestressed to 75% of their minimum tensile strength, which corresponds to a stress of about 202.5 

ksi or a force of about 17.2 kips for a 3/8-in. diameter strand, and that are released by cutting with 

an abrasive grinding wheel (rapid release technique). 

1. To prevent concrete splitting during strand detensioning, a 3-in. minimum thickness is 

required for panels that are prestressed with coated strands and reinforced with smooth

surfaced, epoxy-coated, 6x6-D6xD6 WWF. The strands need to be spaced at 6 in. on 

center along the midthickness of the panel and have a 3-in. horizontal edge distance from 

the center of the edge strand to the side of the panel. The WWF, which is placed directly 

on top of the strands, needs to be cut so that the longitudinal wires of the fabric, which 

are to be positioned above the transverse wires, occur midway between the strands. 

2. A 2 1/2-in. minimum thickness for panels that are prestressed with uncoated strands and 

reinforced with uncoated 6x6-D6xD6 WWF is adequate to prevent concrete splitting 

during strand detensioning. The strand locations and WWF configuration must be the 

same as described in Conclusion No. I. 

3. The average measured transfer lengths for the coated strands in the 6-in. wide by 3-in. 

thick and 36-in. wide by 3-in. thick T-type specimens were 11.2 and 15.6 in., respectively, 

when these specimens were prestressed. 
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4. The average measured transfer lengths for the uncoated strands in the 4-in. wide by 3-in. 

thick, 6-in. wide by 3-in. thick, and 36-in. wide by 3-in. thick T-type specimens were 35.5, 

24.6, and 25.6 in., respectively, when these specimens were prestressed. 

5. Except for the 4-in. wide T-type specimens, no substantial changes in the strand transfer 

length occurred for up to 18 hours after the strands were detensioned. 

6. The predicted, coated-strand transfer length that was obtained by applying the ACI 

Building Code [3) expression, which is also implied by the AASHTO Specification [I], 

overestimated by about 78% the average of the measured, coated-strand transfer lengths 

for all sizes of the T-type specimens. If the expressions presented by Cousins et al. [14), 

and the PCI Guidelines [40] are used, the average of the measured, coated-strand transfer 

length for all sizes of T-type specimens are overestimated by about 7% and 3 7%, 

respectively. 

7. The predicted, uncoated-strand transfer length that was obtained by applying the ACI 

Building Code [3J expression, which is also implied by the AASHTO Specification [I], 

underestimated by about I 5% the average of the measured, uncoated-strand transfer 

lengths for all sizes of the T-type specimens. If the expressions presented by Cousins et 

al. [14], Zia and Mostafa [45] and Mitchell et al. [37] are used, the average of the 

measured, uncoated-strand transfer length for all sizes of T-type specimens are 

overestimated by about 15%, underestimated by about 31 %, and underestimated by about 

40%, respectively. 

8. When the strands were detensioned with an abrasive grinding wheel, the epoxy coating 

broke-off from the exposed portion of the strand as the outer wires of the strand unwound 
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from their original positions. If strand extensions beyond the ends of a PC panel are 

required, the outer strand wires will need to be rewrapped around the center strand wire, 

and an epoxy coating will have to be reapplied to any portion of an exposed bare strand 

in order to maintain the corrosion resistance of the strand. 

9. The average measured development lengths of the coated strands in the 4-in. wide by 6-

in. thick, 6-in. wide by 6-in. thick, and 36-in. wide by 6-in. thick D-type specimens were 

24, 24, and 25 in., respectively. 

10. The average measured development lengths of uncoated strands in the 4-in. wide by 6-in. 

thick, 6-in. wide by 6-in. thick, and 36-in. wide by 6-in. thick D-type specimens were 58, 

50, and 47 in., respectively. 

11. An interpolation or extrapolation of the results of a nondimensionalized analysis for the 

coated-strand development length tests showed that the AASHTO Specification [I] Eq. 

(9-32) overestimated the coated-strand development lengths for the strands in the 4, 6, 

and 36-in. wide D-type specimens by about I 00%. 

12. An interpolation or extrapolation of the results of a nondimensionalized analysis for the 

uncoated strand development length tests showed that the AASHTO Specification [I] Eq. 

(9-32) underestimated the uncoated-strand development lengths for the strands in the 4, 

6, and 36-in. wide D-type specimens by about 43%, 8%, and 3%, respectively. 

13. The predicted, coated-strand development lengths established by the expressions given 

in the AASHTO Specification [I], ACI Building Code [3], and PCI Guidelines [40] were 

about twice as long as the measured lengths. The measured, coated-strand development 

lengths were closely predicted by applying the expression given by Cousins et al. [14]. 
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14. The predicted, uncoated-strand development length that was obtained by applying the 

expression given in the AASHTO Specification [I] and ACI Building Code [3] 

underestimated the measured uncoated-strand development length for the 4-in. wide by 

6-in. thick specimens. However, the predicted length for the 6-in. wide by 6-in. thick and 

36-in. wide by 6-in. thick specimens was generally accurate. If the expressions by 

Cousins et al. [14], Zia and Mostafa [45], and Mitchell et al. [37] are used, the measured, 

uncoated-strand development lengths are significantly overestimated, slightly 

overestimated in most instances, and slightly to significantly underestimated, respectively. 

15. The measured coated-strand transfer and development lengths were about one-half as 

long as those measured lengths for uncoated strands. 

16. The amount of concrete side cover on an exterior strand affected the uncoated-strand 

transfer and development lengths but apparently did not affect the coated-strand 

development length. The influence of concrete side cover on the transfer length for 

coated strands was inconclusive. 

17. The 6-in. spacing used in the 36-in. wide specimens did not appear to affect the transfer 

or development lengths for either coated or uncoated strands. 

18. In order to develop the specified tension force during strand tensioning, the amount of 

strand movement at the anchor-end chucks for the coated strands was about three times 

as large as the movement that occurred with uncoated strands. 

19. After the strands were pretensioned to 75% of their minimum tensile strength, strand 

slippage at the anchor-end chucks did not occur with either the coated or uncoated 

strands. 
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6.3. Recommendations and Suaaested Implementation 

Phase I of the research on epoxy-coated strands in composite PC panels has shown that grit

impregnated, epoxy-coated strands can be used to prestress 3-in. thick panels without causing the 

concrete to split after strand detensioning. The 3-in. minimum panel thickness is one-half of an inch 

thicker than the present 2 1/2-in. thick PC subdeck panels that are prestressed with uncoated strands. 

Since the precaster would be providing this additional amount of concrete, the additional cost per 

cubic foot of precast concrete associated with coated reinforcement compared to uncoated 

reinforcement of the same size and type would be partially offset, even though the total cost of the 

bridge deck would probably increase when coated strands and coated WWF are substituted for 

uncoated strands and uncoated WWF. To address questions related to the economics of using 

composite bridge decks that contain only epoxy-coated strands, bars, and WWF, preliminary 

discussions should begin with some of the precast concrete producers to determine ways to reduce 

the total bridge deck costs to maintain PC panels as a viable alternative to a full-depth, reinforced 

concrete bridge deck. 

6.4. Recommendations for Additional Research 

The next logical step for the research on the behavior of epoxy-coated strands in PC panels 

would be to proceed with the evaluation of the strength and stiffiless characteristics for composite 

bridge deck construction. Phase 2 of the research on epoxy-coated strands in composite PC panels 

will be proposed and should be conducted to evaluate analytically and experimentally the static load 

performance of composite slab specimens that contain 3-in. thick PC panels and a 5-in. thick RC 

topping slab. The PC panels would be prestressed with 3/8-in. diameter, seven-wire, 270-ksi, low-
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relaxation, grit-impregnated, epoxy-coated strands that are positioned at the rniddepth of the panel. 

A layer of 6x6-D6xD6, smooth-surfaced, epoxy-coated WWF would be placed directly on top of the 

strands. The RC topping slab would contain epoxy-coated reinforcing bars. Companion composite 

slab specimens containing uncoated strands, WWF, and reinforcing bars would be constructed for 

comparative purposes. 
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